Abstract. We compute a net electric current during a first order EWPT arising from the asymmetric propagation of fermion chiral modes due to a CP-violating interaction with the Higgs. The interaction is quantified in terms of a CP-violating phase in the bubble wall that separate both phases. We comment on the possibility of this current to generate a seed magnetic field and its implications for primordial magnetogenesis in the early Universe.
Introduction
The physics of the Early Universe remains unknown on many of its aspects. One of the long standing problems of this era is the generation of the matter-antimatter asymmetry, the so called, baryogenesis.
Observations from γ-ray telescopes indicate that there are no sources of this annihilation processes happening in the visible Universe. This situation leads to think that an asymmetry was created soon after the Big Bang, leaving little room for antimatter to spread.
Another outstanding problem in the realm of cosmology is the puzzling presence of large-scale magnetic fields, coherent up to galactic and intergalactic distances. Recent evidence has allowed to observe magnetic fields coherent up to galactic distances with a strength of a few µG, one millionth part of Earth's magnetic field. Despite their ample presence in the Universe, the origin of the magnetic fields of such astronomical scales remains a mystery [1] .
The observational data suggest that the fields that are seen are a product of the amplification of seed magnetic fields through some dynamo process [2] . Furthermore, the experimental limits obtained from high redshift galaxies seem to indicate that this dynamo would have little time to act and would require field strengths of 10 −6 G to 10 −30 G, depending on the model [3] . Several scenarios have been studied to explain the possible mechanisms that may have given rise to these seed fields. The two common categories that are used to classify the possible methods of generating the seed fields are astrophysical sources which tend to amplify magnetic fields from stars and other astrophysical objects up to galactic lengths, and cosmological or primordial sources that propose distinct forms of generating large-scale magnetic fields before the galaxies are themselves formed, thus explaining at the same time the intracluster and void magnetic fields. One of the plausible cases of primordial generation of magnetic fields takes place during the electroweak phase transition (EWPT) when the Universe had temperatures of the order of 100 GeV. It is known that the EWPT is weakly first order as dictated by the Higgs mass, and can become stronger in the presence of magnetic fields [4, 5] .
Dirac equation with a complex mass
The bubble nucleation during the EWPT separates the vacuum phases and the membrane separating the inside and outside of the bubble is called the wall. The properties of the wall depend on those of the electroweak effective potential. Taking into account the need for CP violation and the departure from thermal equilibrium from Sakharov's conditions, we set a complex mass that introduces explicit CP symmetry violation during the EWPT [8] . We cast the problem of fermion scattering off the bubble wall in terms of solving a Dirac equation with a position dependent fermion mass m(z), proportional to the Higgs field. Explicitly,
where φ is a phase, Θ(z) is the step function and z is the axis perpendicular to the bubble wall. As CP-violation implies that left-and right-handed chirality modes of a fermion spinor ψ couple to the Higgs field with m(z) and m * (z), respectively, the Dirac equation is written as
Solution of the Dirac equation
Each of the fermion spinor components in Eq. (2) have to satisfy the Klein-Gordon equation. Therefore, a general solution is of the form
and when Eq. (3) is substituted into Eq. (2), we obtain the corresponding KG-like equations
By writing Φ( x, t) as Φ( x, t) = ξ(x, y)e −iEt Φ(z) and focusing on the solution for the z-direction we get
Expanding the function Φ(z) into a linear combination of the eigenspinors of γ 3 which are
where {1, 2} correspond to the spin projection and {+, −} to the positive and negative energies, respectively. Using these spinors, Φ(z) can be written as
By substituting this into Eq. (5), we obtain the system of coupled equations
[
with a similar set for Φ 2 + and Φ 2 − . We note that when the fermion is in each of the phases, the equations decouple. The solution of the system of decoupled equations is given in terms of plane waves. We physically foresee that coefficients G ± that represent an incoming wave from the RHS to the delta potential must be null. Solving the system of equations for the coefficients and implementing the continuity conditions, we get the following solutions. For z < 0,
For z > 0,
Transmission coefficients
The fermion spinor ψ(z) can be decomposed into its incident, reflected and transmitted components from which we can extract the corresponding currents. With these currents, it is also possible to calculate the transmission and reflection coefficients defined as per R = J ref /J inc and T = J tra /J inc . Moreover, by applying the chiral projectors to the spinor, we can specifically obtain the distinct chirality transmission coefficients T L and T R which are found to be
Equation (11) contains the information on the ratio of the number of fermions for each chiral mode being transmitted through the wall to the incident ones. The asymmetry between the modes is quantified in terms of the phase φ. Figure 1 displays the chiral transmission coefficients for the trivial case φ = 0 as a function of energy, where both probabilities coincide, as expected. Figure 2 shows the leftand right-handed transmission coefficient difference for two distinct values of φ, demonstrating the asymmetry between both quantities. Figure 1 . Chiral transmission coefficients for the case where φ = 0. As expected, there is no asymmetry present between both quantities. 
Summary and conclusions
In the thin-wall approximation, where the fermion mean free path is far greater than the bubble wall thickness, fermions behave as particles interacting only with the walls of a bubble nucleated during the EWPT. We have showed that the introduction of a CP-violating interaction with the bubble through a complex phase in the fermion mass can generate a net injection of chiral flux that can be quantified in terms of the difference between chiral transmission coefficients. The above implies that for fermions with an electric charge q, a local electric current transverse to the wall is generated.
In the case considered in this work, electric currents are created normal to the bubble walls with varying intensity, dependent to the particle's energy. These inhomogeneities can induce a helical magnetic field, a property that is crucial for possible future amplification processes [6] . The asymmetry is energy dependent and maximal for φ ≃ π/2 and can be thought of to come from the complex phase in the CKM matrix. Although the magnitude of such a phase is consistent with current observations [7] , one can think that the asymmetry might not be maximal.
